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Abstract
Previous cross-sectional research has shown that adolescents’ cigarette use is interactively 
associated with that of their school peers and their 5HTTLPR genotype, such that the cigarette use 
of persons with more copies of the 5HTTLPR*S’ allele is more dependent on school peers’ 
cigarette use behaviors than their counterparts. This analysis seeks to extend this novel finding by 
examining whether the same conclusion can be reached when substituting neighborhood peers for 
school peers and examining the timing of the initiation of any and regular smoking in adolescence. 
A similar conclusion is reached using an independent sample with longitudinal measures of 
cigarette use among 6th through 8th graders clustered in 82 neighborhoods, of whom 1,098 
contributed genetic data. The proportion of respondents who had ever smoked cigarettes by the 
first wave was calculated for each Census block group in the study. 5HTTLPR genotype was 
assayed using the method of Whisman and colleagues (2011). The timing of any or regular 
smoking initiation and over four years were modeled as dependent variables using Cox 
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proportional hazards models. The interaction of neighborhood peer smoking behavior in the first 
wave and 5HTTLPR genotype statistically significantly predicted any smoking initiation (hazard 
ratio: 3.532; p-value=0.002) and regular smoking initiation (hazard ratio: 5.686; p-value=0.000), 
net of controls for sex, race/ethnicity, grade in the first wave of data, and parental educational 
attainment. These findings reach the same conclusions as previous cross-sectional research. The 
findings for any smoking initiation are consistent with the diathesis-stress model of gene-
environment interaction; the findings for regular smoking initiation are consistent with the 
differential susceptibility model.
INTRODUCTION
The determinants of cigarette smoking and addiction, especially in adolescence, rightfully 
garner significant research attention. Tobacco use is responsible for more than 6 million 
deaths per year (WHO, 2012) worldwide and is associated with significant morbidity and 
costs to the health system. Smoking in adolescence is of particular concern because nearly 
90% of smokers initiate cigarette use before the age of 18 (DHHS, 2012), and those who 
initiate cigarette smoking in adolescence are significantly more likely to become addicted 
and to smoke decades later (Breslau, Fenn, & Peterson, 1993). Accordingly, research which 
enhances scientific knowledge of the determinants of adolescent tobacco use initiation is 
crucial to the advancement of public health.
Decades of extensive research have collectively established that social environments and 
genetic factors are associated with the odds of cigarette smoking initiation. Social research 
on this topic has focused on the role of peer behaviors. For instance, the smoking behaviors 
of close and extended friends is associated with one’s own cigarette smoking (Alexander, 
Piazza, Mekos, & Valente, 2001), as are adolescents’ perceptions of peer smoking behaviors 
(Chassin, Presson, Sherman, Corty, & Olshavsky, 1984) and the school and neighborhood 
smoking rates (Eitle & Eitle, 2004). Similarly, neighborhood and area groupings show 
evidence of significant clustering of smoking behavior (Chahine, Subramanian, & Levy, 
2011; Duncan, Jones, & Moon, 1999) and smoking initiation in adolescence (Frohlich, 
Potvin, Gauvin, & Chabot, 2002). Thus, the smoking behaviors of adolescents are linked 
through common affiliation in a social institutions (schools and neighborhoods) as well as 
voluntary associations (friendships).
In parallel, a great deal of research has investigated the genetic determinants of smoking 
behavior and dependence. Genetic variation may be associated with smoking behavior 
through psychological dispositions toward risk behaviors as well as differences in the 
physiological consequences of nicotine (Ehringer, et al., 2010; Pedneault, et al., 2014; 
Saccone, et al., 2009). In the former category, one key research literature has investigated 
the association of the 5HTTLPR polymorphism and cigarette smoking behavior. This 
association is plausible because variants in 5HTTLPR are associated with differential 
serotonin uptake, which is a key neurotransmitter in mood regulation. Although a number of 
studies have demonstrated an association between 5HTTLPR variants and smoking behavior 
(Gerra, et al., 2005; Ishikawa, et al., 1999; Kremer, et al., 2005), others have obtained 
negative findings (Trummer, et al., 2006).
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However, many of these studies have been conducted on small samples that include limited 
ranges of environmental variation, suggesting the gene-environment interactions could 
potentially explain this inconsistency. Obviously, not all adolescents in high-smoking 
neighborhoods initiate smoking themselves, which suggests that certain individuals are 
particularly sensitive to the social influences of their immediate environments (e.g., 
Cicchetti, 2010). Following the publication of two influential papers (Caspi, et al., 2002; 
Caspi, et al., 2003), it seemed likely that particular genotypes could help to explain 
differential levels of susceptibility to environmental influence (Belsky & Pluess, 2009). For 
instance, Boardman and colleagues (Boardman, Saint Onge, Haberstick, Timberlake, & 
Hewitt, 2008) used twin behavioral genetic models to show that the variance explained by 
genetic factors in regular cigarette use is significantly higher for adolescents who attend 
schools in which more popular students also smoke more on average. Daw and colleagues 
(Daw, et al., 2013) built upon this work by demonstrating that a specific polymorphism in 
the 5HTTLPR gene (the short allele) may help account for sensitivity to peer behaviors. 
They predicted that those with more alleles linked to sensitivity will lead the healthiest 
lifestyle in the most healthy environments but also lead the most unhealthy lifestyles in the 
least healthy social environments (Simons, et al., 2011). This was shown to be the case with 
school peer smoking behavior, 5HTTLPR, and individual smoking behavior. This is known 
as the differential susceptibility hypothesis (Belsky & Pluess, 2009; Caspi, et al., 2002; 
Conley, Rauscher, & Siegal, 2013; Ellis, Boyce, Belsky, Bakermans-Kranenburg, & van 
Ijzendoorn, 2011; Monroe & Simons, 1991), which is usually contrasted with the diathesis-
stress hypothesis. Both expect more genetically susceptible individuals to show the most 
adverse response in the most unhealthy environments, but they differ on the predicted 
genetic association within the healthiest environment: the diathesis-stress model predicts 
equivalent outcomes by genotype in these circumstances, whereas the differential 
susceptibility model expects that the environmentally sensitive persons will lead the 
healthiest lifestyles (Belsky & Pluess, 2009). The results from the Daw and colleagues study 
(Daw, et al., 2013) are consistent with the latter perspective.
However, modeling time-to-event outcomes such as smoking initiation requires some 
reconceptualization of these competing hypotheses, which are illustrated graphically in 
Figures 1a and 1b. These describe the hypothetical hazard curves for adolescents with 
different genotypes from different types of neighborhoods, assuming no change in baseline 
hazards over time for illustrative purposes. The dark lines describe those with the sensitive 
genotype (5HTTLPR*S’/S’) and the dashed lines are for those from neighborhoods with 
high levels of smoking. In both the diathesis-stress (1a) and differential susceptibility (1b) 
models, the risk is the highest for the dashed, bold lines representing S’/S’ persons in high-
smoking contexts. The difference between these models is that the solid dark line (S’/S’ 
persons in low smoking schools) is not distinguishable from the others in the diathesis-stress 
model but stands out as the lowest risk of smoking initiation in the differential susceptibility 
model.
This paper builds on the analysis of Daw and colleagues (2013) in three key ways. First, we 
employ a different dataset studying youths at earlier ages (6th to 8th grade) in order to 
determine whether similar patterns are observed. Second, we employ longitudinal data so 
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that we can analyze the role of GxEs with peer behaviors in the determination of smoking 
initiation rather than level alone. Third, we extend this hypothesis to apply to a different peer 
group – residents of the same neighborhood. Because our analysis and one key independent 
variable differs from that in the Daw and colleagues (2013) paper, this paper is not a 
replication according to strict criteria. However, results consistent with the findings of this 
previous paper would buttress scientific confidence in the claim that the association of peer 
smoking with individual smoking is mediated by the 5HTTLPR gene.
METHODS
Data
Data for this study were drawn from the Genes in Context Study. For that study, 
biospecimens were collected (via a self-administered saliva sample using an Oragene 
collection kit or a blood spot using a lancet) for genotyping from the young adults (ages 19–
25) who participated as adolescents in a seven-wave longitudinal study examining 
contextual influences on adolescent health risk behaviors. The longitudinal study included a 
survey of middle school children followed over seven waves (every six months for the first 6 
waves, and with a one-year interval between the 6th and 7th), for four years. The longitudinal 
study was conducted in two county-wide school systems in the Southeast US. Of the 3,835 
participants of the longitudinal study, 1,519 (40%) provided a biospecimen for genotyping.
Measures
A combination of survey and molecular genetic data were used in this analysis. Cigarette 
use initiation was measured using responses to the question, “During the past 3 months, 
about how many days did you smoke cigarettes?” The response categories were measured 
on a 0–5 scale, representing “0 days,” “1 to 2 days,” “3 to 5 days,” “6 to 9 days,” “10 to 19 
days,” and “20 days or more” respectively. Any cigarette use initiation is indicated by any 
valid response except “0 days” when the respondent had not reported cigarette use in a 
previous wave; regular cigarette use is indicated by a response of “6 to 9 days” or more 
when the respondent had not reported regular cigarette use in a previous wave. Respondents 
who reported that they had never had a puff of a cigarette or had not smoked in the past 3 
months were assigned a value of 0 for both outcomes.
Neighborhood peer cigarette use is the key environmental indicator in this study. Although 
Daw and colleagues (Daw, et al., 2013) used school peer substance use as the key 
environmental measure, this was infeasible using the Genes in Context dataset because 
respondents were clustered in a small number of schools. However, because of the school-
based sampling design of this study and the geographic basis of school assignment in the 
U.S., adolescent respondents were clustered together in census block groups (N=82). 
Accordingly, we measured peer cigarette use as the proportion of residents1 that reported 
ever smoking cigarettes in each block group in the first wave of data.
1We defined neighborhood of residence as the first observed neighborhood for this respondent, which was typically, but not always, 
from the first wave of data.
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Demographic controls were also measured using survey responses. Age and sex were 
measured straightforwardly by self-report.2 Race/ethnicity was coded to differentiate whites, 
African Americans, Latinos, and members of other racial and ethnic groups. Parental 
education was measured in the adolescent questionnaire. Responses were recoded to 
differentiate persons who did not graduate from high school (<HS), high school graduates 
(HS), those who attended some college (SC), college graduates (BA), and those with post-
baccalaureate education (>BA). The highest value reported throughout the period of the 
study is used for this measure.
These survey data were combined with molecular genetic data in this study. The 5HTTLPR 
polymorphism was assayed as described by Whisman and colleagues (Whisman, 
Richardson, & Smolen, 2011). Briefly, the genotype calls were made using a modification 
(Anchordoquy, McGeary, Liu, Krauter, & Smolen, 2003) of the PCR method described by 
Gelernter and colleagues (Gelernter, Cubells, Kidd, Pakstis, & Kidd, 1999), yielding 
products of 376 or 419 bp for the two most common short (14 repeat) and long (16 repeat) 
alleles (Nakamura, Ueno, Sano, & Tanabe, 2000). Longer alleles with 18 to 22 repeats were 
found in 22 individuals and were combined with the 16 repeat alleles. The SNP rs25531, 
which allows determination of the LA and LG alleles, was assayed using the primer 
sequences described by Hu and colleagues (Hu, et al., 2005), then incubating the PCR 
products with 5 units of MspI (NEB, Ipswitch, MA) for 90 min at 37°C (Wendland et al, 
2006). A 97 bp MspI restriction digest fragment indicates an LG allele. Lower-expressing S 
and LG alleles were designated S’ and the higher-expressing LA allele was designated L’.
Statistical Analysis
We employed Cox proportional hazard models to account for the longitudinal nature of the 
data, predicting the initiation of different levels of smoking (rather than the levels 
themselves, as in Daw et al. 2013). We estimated all models using the stcox command in 
Stata 13, allowing for the non-independence of observations in neighborhoods using the 
clustered sandwich estimator. In this analysis, we estimated smoking initiation hazards 
(defined as any smoking or regular smoking) using two specifications. The first estimated 
smoking hazards as a function of neighborhood peer cigarette use and controls for age, race/
ethnicity, sex, and parental education. The second added the main and interactive effects of 
5HTTLPR, specified additively as the number of S alleles. The gene-environment interaction 
effect of interest is between 5HTTLPR genotype and neighborhood peer cigarette use. In 
order to focus this analysis on smoking initiation, only person-wave combinations who did 
not report any or regular smoking in a previous wave were included in the model. Thus, all 
respondents are included from the first wave, whereas only respondents who did not report 
smoking in wave 1 are included in wave 2, etc.
2In the genetic sub-sample, biological sex was also confirmed through amelogenin sex-typing.
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Table 1 provides descriptive statistics on the sample. The sample is 50% black and 41% 
white (with Hispanics and other groups comprising the remainder). About 8% of 
respondents’ parents did not graduate high school, 25% are high school graduates only, 29% 
attended some college, 26% graduated college, and 12% have a parent with some post-
baccalaureate schooling. The sample was about 49% female. The average respondent who 
ever reported cigarette usage in the past 30 days began in the 3rd wave (mean wave=3.19, 
between 7th and 9th grade), and began regular cigarette use between 3rd and 4th wave 
(mean=3.77, 7th–9th grade). Both of these figures had a standard deviation of 2, though, so 
there was substantial variation in this characteristic. In the average neighborhood in the 
dataset, 42% of respondents reported having smoked at least once (even one puff), with a 
standard deviation of .09. Finally, this sample was approximately evenly divided on the 
counts of the S’ and L’ alleles for 5HTTLPR, as 50% of the sample is heterozygous and 
about 25% is homozygous for S’ and L’ each.
Neighborhood Peer Effects on Cigarette Use Initiation
Table 2 shows the results of all regression analyses, which are also graphically illustrated in 
Figures 2 and 3. First, the results show that, net of demographic controls, neighborhood peer 
cigarette use is a significant predictor of any cigarette use initiation in this sample, with a 
hazard ratio of 3.6 (p≤0.001). This analysis only included person-wave observations in 
which the person had not previously reported cigarette use prior to the wave in question. 
Similar effects were observed for regular smoking initiation, which yields a hazard ratio of 
3.9 (p≤0.001).
Figure 2 depicts how the hazard of initiating cigarette use declined over time for all groups, 
but is well-ordered by neighborhood cigarette use. Those in the 90th percentile of 
neighborhood peer use have a hazard of initiation about .025 higher than the 10th percentile 
at the beginning of the observed time interval and about .015 higher at the end. The hazards 
of regular smoking initiation are lower in all time periods observed, but are also well-
ordered by neighborhood peer cigarette use.
Gene-Environment Interaction in Cigarette Use Initiation
Table 2 also shows the results of gene-environment interaction models of cigarette use 
initiation. In both the any and regular use models, there is no statistically significant main 
effect of neighborhood peer cigarette use. Instead, a gene-environment interaction is 
observed in the expected direction, such that those with more copies of the 5HTTLPR*S’ 
allele show statistically significantly higher hazards of smoking initiation in environments 
where a higher proportion of their neighborhood peers smoked in the first wave. These 
hazard ratios were large: 3.5 (p=0.002) for any smoking, and 5.6 (p≤0.001) for regular 
smoking. These effects were observed alongside controls for sex, race/ethnicity, grade in the 
first wave, and parental education.
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Figure 3 shows that, for any cigarette use, the effect is immediately clear: persons in high-
smoking neighborhoods with two copies of the 5HTTLPR*S’ allele show substantially 
elevated hazards of smoking initiation compared to persons in low-smoking neighborhoods 
and/or persons with no copies of the 5HTTLPR*S’ allele. These results are consistent with 
the diathesis-stress model. The effect on regular cigarette use is equally stark: the hazard of 
regular smoking initiation for those in the 90th percentile of neighborhood peer smoking is 
actually reduced compared to the 10th percentile among those with no copies of the 
5HTTLPR*S’ allele; in contrast, the hazard of regular smoking initiation is substantially 
elevated for persons in high smoking neighborhoods for those with two copies of the 
5HTTLPR*S’ allele. These results are consistent with the differential susceptibility model.
DISCUSSION AND CONCLUSION
In this paper, we provide evidence that supports previous findings on the interactive effects 
of peer smoking, 5HTTLPR, and individual smoking (Daw, et al., 2013). Specifically, the 
neighborhood proportion of cigarette users shows statistical interactions with the 5HTTLPR 
locus to predict an individual’s hazard of any and regular smoking initiation. We find 
support for both the diathesis-stress (for any smoking) and differential susceptibility (for 
regular smoking) gene-environment interaction models. These findings are similar to those 
found in the Daw and colleagues study (Daw, et al., 2013), despite differences in the peer 
behaviors observed (neighborhood peers vs. schools) and form of the dependent variable 
(hazards of smoking initiation rather than level of smoking reported). This study therefore 
provides additional evidence that the smoking behavior of adolescents is related to that of 
their peers interactively by 5HTTLPR.
Our findings are important because they continue to broaden the environmental lens to focus 
on social factors within meso-level contexts as important determinants of genetic 
associations. They suggest that peer behaviors predict individual behavior, but that the 
strength of these effects are genetically contingent. Although the prevalence of behaviors are 
not strictly equivalent to social norms, this interpretation is consistent with previous research 
showing that smoking behavioral norms have measurable influences on the gene-smoking 
relationship (Boardman, et al., 2008). For example, Boardman, Blalock, & Pampel (2010) 
estimated the heritability of smoking across nearly 40 years and show that its lowest level 
was in 1964. After the release of the Surgeon General’s Report in that same year, however, 
the heritability of smoking onset increased significantly over time. They conclude that those 
least genetically disposed toward smoking were more likely to avoid smoking initiation once 
they had knowledge of the health risks of smoking. Similarly, if neighborhoods were 
smoking is more common are also those where smoking is considered more permissible, the 
present findings may reflect a similar influence of social norms on individual behavior. 
However, in this case the current finding suggests that individual susceptibility to these 
normative influences is structured by 5HTTLPR genotype.
Additionally, differentiating between diathesis-stress and differential susceptibility models 
may provide clues about the mechanisms underlying the relationship between peer and 
individual behavior. For example, those with an increasing number of short alleles are not 
more likely to avoid smoking any cigarettes if they reside in the healthiest neighborhoods, 
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contrary to the predictions of the differential susceptibility hypothesis. Instead, it is much 
more in line with the diathesis-stress model. Therefore, because stress is the hypothesized 
mechanism underlying diathesis-stress theory, it is possible that this measure of peer 
cigarette smoking behavior is also correlated with the average level of stress exposure in the 
neighborhood, and that the 5HTTLPR conclusion by Caspi et al. (Caspi, et al., 2002) 
therefore best explains this pattern. This is plausible because cigarette use is a well-known 
behavior to cope with chronic stress exposure among adults (Jackson, Knight, & Rafferty, 
2010), and smokers experience an immediate reduction in perceived stress after smoking 
(Cohen & Lichtenstein, 1990). As such, we encourage future researchers to examine the 
social influences that we describe while including detailed information about the stress 
exposure levels across neighborhoods. Similarly, as described earlier, a large body of work 
has detailed the physiological pathways through which the S allele affects transcriptional 
activity and lower serotonin uptake but the direct link to smoking behaviors is quite mixed 
(Gerra et al. 2005; Ishikawa et al. 1999; Trummer et al. 2006; and Kremer et al. 2005). 
Some of this inconsistency could be due to specific characteristics of study designs that have 
not considered the broad social environment as a fundamental precursor to some of the 
biological mechanisms related to substance use in general (Boardman, Daw, and Freese 
2013). Together with more detailed genetic markers future research can build on our work 
by examining specific biological pathways through which complex social factors 
differentially influence complex health behaviors differently for individuals with different 
genetic composition.
The fact that our results for regular smoking conform to the differential susceptibility model 
is also important because it indicates that these sensitivity alleles may be particularly 
sensitive to social environmental cues about smoking regularity. Regular smoking 
constitutes a lifestyle influenced by shared meanings (Frohlich, Corin, & Potvin, 2002), 
whereas any smoking may merely be an isolated action. Therefore, the heightened response 
to environmental cues about smoking among carriers of the short allele suggests that the 
concept of environmental sensitivity should be extended to include normative forces to 
which individuals are exposed. These results suggest that the norm of the neighborhood 
structures if an individual smokes but also how frequently they smoke, and that S’/S’ carriers 
are more influenced by both processes.
There are a number of key limitations to this study. First, we did not directly control for 
population stratification. However, we believe it is unlikely that these results are biased 
because there were no statistically significant differences in allele frequency by race/
ethnicity in this sample. Although race is not equivalent to ancestry, others have indicated 
that self-reported race captures a large portion of genetic differences that exist across racial 
and ethnic groups (Sucheston, et al., 2012). Second, this dataset is not population 
representative, and is instead drawn from a sample of a small number of schools in a 
geographically restricted area. However, the original Daw and colleagues investigation 
(Daw, et al., 2013) used population representative data and obtained similar findings, 
suggesting that these results are not unique to this subpopulation. Additionally, the 
biospecimen response rate in this study was only 40%, raising the possibility that selection 
processes may bias these results. However, the direct refusal rate was only 13%, somewhat 
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lessening this concern. Finally, given the important role that stress plays in smoking 
behavior and the degree to which stressors cluster in neighborhoods, we cannot eliminate the 
possibility that these relationships may be explained by neighborhood stress, not peer 
behaviors. However, if this were the case, this would nonetheless represent a gene-
environment interaction, only with a different environmental characteristic.
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○ Prior research shows GxEs between school smoking, 5HTTLPR, and 
individual smoking
○ This paper extends this finding to neighborhood peers in independent sample
○ Results support both diathesis-stress and differential susceptibility models
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a. Diathesis-Stress GxE Model for Smoking Initiation as a Function of Neighborhood Level 
Smoking and Genotype.
b. Differential Susceptibility GxE Model for Smoking Initiation as a Function of 
Neighborhood Level Smoking and Genotype.
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Estimated Hazards of Any and Regular Cigarette Smoking Initiation, by Neighborhood 
Cigarette Smoking Mean
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Estimated Hazards of Any or Regular Cigarette Smoking Initiation, by Neighborhood 
Cigarette Smoking Mean and 5HTTLPR
NOTE: All 5HTTLPR genotypes were modeled additively. Only the L’/L’ and S’/S’ 
genotypes are shown for visual clarity.
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Table 1
Descriptive Statistics
Variable N Mean/% SD
Wave 1st Cig. 1,846 3.19 1.99
Wave 1st Reg. Cig. 1,090 3.77 1.97



















NOTE: Wave 1st cigarette and grade 1st regular cigarette smoking descriptive statistics were calculated only among respondents that ever reported 
cigarette smoking. The parental education categories may be interpreted as follows: “<HS” indicates they did not complete high school; “HS” 
indicates a high school diploma or equivalent; “SC” indicates they attended post-secondary school but did not complete a four-year degree; “BA” 
indicates they received a four-year degree; “>BA” indicates they attended or completed graduate-level degree programs.
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